For low-voltage, low-power circuit design, the linear model for operational amplifiers is insufficient to accurately predict the static and dynamic behavior of the circuit. This paper introduces a nonlinear model for operational amplifiers based on amplifiers' DC transfer characteristic. By using this nonlinear model, the behavior of an operational amplifier with feedback network can bc described more accurately. Equivalent open-loop gains of the operational amplifier far several common closed-loop applications are studied. These equivalent gains can help identify the nonlinearities in the close-loop amplifier and determine the performance of the circuit.
Introduction
With the rapid development of semiconductor technology, the feature size of devices is reducingcontinuously and the threshold voltages also, accordingly. Because of the device limitation and the consideration of power dissipation, low voltage supplies become ssential for integrated circuit design in deep submicron processes. However, for low voltage circuit design, the classic equations such as the square-law equation cannot precisely predict the characteristics of devices. Performance of transistors is affected by the short channel effects and becomes highly nonlinear. Under low supply voltage, the need for high gain and large output swing forces designers to exploit the performance of transistors and design circuits that work in the strongly nonlinear region. Although engineers make great effort to improve the linearity of amplifiers, they cannot eliminate the non-linearity due to the intrinsic charactenstics of semiconductor devices. Actual open-loop amplifiers always have non-linearity in the transfer characteristics. Though the open-loop operational amplifiers are highly non-linear. the close.loop configuration can still give linear input-output characteristics if the feedback nehuork is linear and the open-loop gain is sufficiently high.
For a linear amplifier, the open-loop gain is well defined as A=VJV>,, Typically the gain is defined at the quiescent point and is extended to the whole 'linear-region' in which A=VdVin is a constant. This gain is a key parameter for various closed-loop applications of the Op Amp. However, for nonlinear amplifiers, A=VJVN,, may be strongly dependent on the output level and can be significant smaller than its value at the quiescent point. nonlinear amplifiers. This clarification will help circuit designers identify the non-ideality of close-loop amplifiers. In section 2, we will model the open-loop operational amplifier with nonlinear components. In section 3, we will discuss the typical close-loop configurations of aperational amplifiers with a resistive feedback network. Equivalent gains for different purposes are identified by using the model given in section 2. The conclusion is made in Section 4.
Modeling of Operational Amplifiers
For large signal swing and global analysis, all operational amplifiers will work in the nonlinear state. The linear models far amplifiers are simple approximations to the real situation and only work well for small signal swing and local analysis. For low voltage applications, the circuit canfiot be accurately described by the small signal model. To have a good perfomlance, signal swing in circuits can no longer be kept "small(l compared with the supply voltage. However, it is nearly impossible to model the nonlinearity of amplifiers from the transistor level, since the performance of various architectures of operational amphfiers can be dramatically different from one to another. Their gains and frequency responses are strongly dependent on transistor level designs. This will make the modeling of nonlinear effects prohibitively complicated. Instead of the bottom-up method from transistor level, we will take a top-down method to model the nonlinear operational amplifier in this paper. Static behavior of any operational amplifier can be described by the DC transfer characteristic in which the input and output could be current or voltage or both. A typical DC transfer characteristic for a differential operational amplifier is shown in Figure I study but the methodology and all conclusions made here are applicable to other structures as well. In other words, V will be used in the following analysis instead of Y. Meanwhile, most operational amplifiers are used with a feedback network so thata better linearity performance can be achieved. The common knowledge IS that higher gain will lead to higher linearity. Unfortunately, with high-gain amplifier-design, the nonlinear effect in the open-loop amplifier will be more serious. The dynamic performance includes many aspects but we focus on the settling behavior. Although the dynamic performance depends an many things including the filter structure and can be highly complex, a first order approximation is adequate for many applications especially when the amplifier has goad phase margin with proper design. Where in such cases, a single capacitor C is used to capture the dynamic behavior. C is the combination ofthe load capacitance and the parasitic capacitance at the output node.
Equivalent gains for an open-loop amplifier
The representative application of an open-loop amplifier is the feedback configuration with a resistive network (See Figure 3) . This application is the basic application, and study of it will help circuit designers understand the non-ideality of close-loop amplifiers caused by the nonlinearity of open-loop amplifiers. This study can also be applied qualitatively to other situations, such as the switched-capacitor application. In this paper, we will limit our discussion to the feedback configuration with linear resistor network. It is obvious that the external resistor network will change the DC transfer characteristic of the close-loop amplifiers by diverting part of the current. If feedback resistors are large compared with l/a, such effects can be ignored. In real applications, loading effects do not exist if a buffer is used to isolate the output node or if a capacitive feedback network is used. In this paper, we will make such assumptions so that the feedback network will not affect the DC transfer characteristic of the open-loop amplifier. 
1) Steady State accuracy of the close-loop circuit
For a large-unit-gain-bandwidth and high-gain amplifier with good phase margin, if the output has enough time to be well settled, what we concern most is the final settlingaccuracy of the closoloap amplifier.
To evaluate the final settling accuracy, we can look into the steady state step response with zero initial condition. The initial state IS that V,=V,,=O. V, changes to V, at r=O, and then remains constant. At steady state, we have v" =-Av,. Substituting The settling behavior of equation (16) as marked in Figure I From(ll)and(lZ), wegct
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For a linear amplifier, we can similarly obtain:
Comparing (13) to (14), the incremental gain of an open-loop non-linear amplifier can be derived as
As we can expect, this equivalent gain is initial and final state dependent. Its physical mcaning IS the slope of the chard in the DC transfer characteristic curve, from V,, t o V,,, marked in Figure. 1. To guarantee a given increment performance, the cord involving the largest V, should be used.
3) Settling behavior of the close-loop circuit
Under the condition that the input of the feedback amplifier is piecewise constant (e.&, the output of sample and hold stage in pipelined ADCs), the output always changes before it reaches the final settling value, then it is necessary to look at the settling behavior ofthe close-loop circuit. From 
5) Distortion to sinusoidal input
Based on the assumption that the first-order harmonic dominates the output signal and from the equation (21). we h o w the thirdorder harmonic distortion will dictate the SFDR performance of the feedback amplifier. Under such conditions, the third-order harmonic is given by v, =-!fY(q sin(ox+O))e.""'dr/(j3w+ H ) ( 2 6 ) SFDR can he calculated with Vs and Yl. However, it is extremely difficult to get explicit expression of V, due to the complexity of the nonlinear function. If the input sinusoidal signal's period is much longer than the time constant of the feedback amplifier, we do not need to concern ahout the issue of settling within finite settling time. However, high-order harmonic distortion will lead to output nonlinearity. In some applications, high linearity is very important, such as ADC design, so 'the distortion introduced by the nonlinearity of amplifiers need to be estimated so that designers can make wise decisions on how to select the circuit parameter. A new term linearity index (LI) is introduced to do the estimation:
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With the lineanty index, we can estimate THD (total harmonic distortion) of the output signal using the following approximate equation (28). Assuming all other circuits are linear except the op~n-loop amplifier, 
